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ABSTRACT 

Environment conscious, biomorphic ceramics have been fabricated from pine 
and jelutong wood precursors. A carbonaceous preform is produced through wood 
pyrolysis and subsequent infiltration with oxides (Zr 02 sols) and liquid silicon to 
form ceramics. These biomorphic ceramics show a wide variety of 
microstructures, densities, and hardness behavior that are determined by the type 
of wood and inflltrants selected. 

INTRODUCTION 

In recent years, there has been great interest in using biomimetic-based 
processing approaches to fabricate a variety of oxide and non-oxide based 
structural and functional materials. Wood has been considered as a precursor 
material to fabricate biomorphic ceramics. Possible applications of these materials 
include filters and catalyst support, automotive components, tooling and wear 
components, armor, and light weight cellular ceramics. A carbon template is 
produced from the pyrolysis of wood, which is further infiltrated with oxides 
and/or non-oxides to form ceramics [1-12]. These biomorphic ceramics have 
several benefits over traditional ceramics. A wide variety of microstructures can 
be obtained, based on the type of wood selected. The use of wood and this process 
provides a low-cost starting material and near-net and complex shape capabilities, 
instead of the simple shapes normally produced by traditional ceramic processing 
techniques. 

With the many benefits of using wood as a precursor material, it is critical to 
have a greater understanding of its structure. Wood is classified as a composite 
material that behaves anisotropically with a cell morphology that varies with each 
species [13-14]. Anisotropy in wood is the result of the orientation and alignment 
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of cells and cell walls, as well as variation in density. Wood is composed of 
cellulose, hemicellulose, and lignin, which decompose to produce char in the 
form of amorphous carbon during pyrolysis and produces an anisotropic cellular 
structure. The overall pyrolysis process of wood has been investigated by a 
number of investigators and has been summarized in a review publication [15]. 

In this work, two types of wood (jelutong and pine) were investigated. Eastern 
White Pine ( Pinus strobes ), a softwood, is typically used as a structural element 
[13] in construction. Jelutong ( Dyera costulata ) is an imported hardwood from 
Malaysia that is used mainly to produce latex for chewing gum. With a low 
density and easy workability, jelutong is ideal for infiltration of oxide sols and 
molten silicon into a complex-shaped component. In this paper, wood pyrolysis, 
infiltration behavior, and microstructures of biomorphic ceramics made from 
jelutong and pine will be presented. 

EXPERIMENTAL PROCEDURES 

One block of jelutong and three blocks of pine were dried in an oven at 100°C 
and pyrolyzed in an argon atmosphere in a Thermcraft™ tube furnace up to 
1000°C. Pyrolysis is the decomposition of a wood specimen during heating in an 
inert atmosphere to release volatiles, leaving behind a carbonaceous preform with 
cell-like structures. The jelutong blocks measured 15 cm x 4.5 cm x 4.5 cm, while 
the dimensions of the pine blocks were 14 cm x 3.5 cm x 3 cm. Afterwards, the 
blocks were cut into approximately 0.4 cm thick slices that were to be infiltrated. 

Some carbonaceous performs were infiltrated with silicon at 1460°C for one 
hour in a Centorr™ vacuum furnace. Both carbon performs and silicon carbide 
samples were infiltrated with ZrC >2 sol in a Buehler™ vacuum impregnation 
chamber. After infiltration, the samples were dried in a furnace and then placed in 
a tube furnace for calcinations up to 400°C. This process was repeated up to five 
times. To understand the progress of the infiltration, some samples were 
infiltrated only one or three times. The calcined samples were fired at 1 100°C in 
air for conversion of the infiltrant to ZrC> 2 . 

The original pore structures of the two types of wood were analyzed by 
viewing fresh fracture surfaces of jelutong and pine using a scanning electron 
microscope (SEM). Images were taken of two orientations of the carbon 
structures: perpendicular and parallel to the growth direction of the tree. The 
growth direction is equivalent to the longitudinal axis of the trunk. The SEM was 
also used for the analysis of the carbon preforms infiltrated with ZrC >2 and the 
porous SiC infiltrated with ZrC >2 (one, three, and five times). Si and SiC were not 
readily distinguishable in the SEM images; therefore the samples infiltrated with 
only Si were viewed with a light optical microscope (LOM). The LOM was also 
used to characterize the porous SiC samples infiltrated with ZrC> 2 . 


The microhardness tests were performed using a Knoop indenter with a 500 g 
load to measure the hardness in different regions: reaction formed SiC, Si, and the 
interface of SiC and Si. A total of six samples were tested: pine (perpendicular to 
the growth direction), jelutong (perpendicular and parallel to the growth 
direction), and three porous SiC ceramics from jelutong, that were infiltrated with 
Zr02 (one, three, and five times). Five indentations were made in each region and 
the average Knoop hardness value for each region in each sample was calculated. 

RESULTS AND DISCUSSION 
Pyrolysis and Microstructure 

After the pyrolysis, the wood pieces retained their shape, but decreased in 
size. The pyrolysis shrinkage in jelutong was ~25% in dimensions and the total 
volume decreased by ~60%. The dimensions of the pine pieces decreased by 
roughly —22%, while the total volume was reduced by 50%. Cracks appeared in 
the pine blocks due to shrinkage stress created from the exterior of the blocks 
decomposing at a faster rate than the middle, but did not appear in the jelutong 
block. The heating rates are crucial to the integrity of the pyrolyzed blocks, and 
each type of wood requires different rates, which are dependent on their density. 

The microstructures of the pyrolyzed woods are shown in Figs. 1 and 2, where 
the white outlines are carbon and the black areas are the pores. The microstructure 
of the pine in the plane perpendicular to the growth axis (Fig. la) shows fairly 
uniform po re structure. The a mount of ray cells in pine^js less than in jelutong 
(jEig. 1 b)T)ndicating that the strength of pine wouIcTbe higher than jelutong in the 
direction^ that is perpendicular to the growth. Fig. 2a shows that the pyrolyzed 
jelutong has a non-uniform pore structure, with sets of large pores surrounded by 
smaller pores of varying size. The ray cells in jelutong are evident in Fig. 2b, 
which shows the view that is parallel to the direction of tree growth. 



Fig. 1: SEM micrographs of pine (a) perpendicular to the growth direction; and 
(b) parallel to the growth direction (200X). 



Fig. 2: SEM micrographs of jelutong (a) perpendicular to the growth direction; 
and (b) parallel to the growth direction (200X). 

When the carbon preforms were infiltrated with silicon, the silicon reacted 
with the carbon to form silicon carbide (SiC). In Fig. 3 a and b, the dark gray 
outlines represent the SiC, while the light gray areas are excess silicon. The 
reacted SiC retained the original structure of the wood. Through further treatment, 
the excess silicon can be removed, leaving behind a porous SiC structure. 



Fig. 3: (a) Micrograph of silicon infiltrated pine and (b) silicon infiltrated jelutong 
(200 X, gray: silicon carbide; white: silicon and black: porosity). 


Infiltration of sols in C and SiC 

Pine and jelutong samples infiltrated with Zr02 (three and five times) are 
shown in Figs. 4-a and 4-b, respectively. The original structure of jelutong can 
still be seen, but ZrCh now coats it and the pores are filled with crystallized ZrCh. 
As the number of infiltrations increased, the amount of oxide deposited increased, 
with Zr02 eventually completely filling the pores. The same trend was observed in 



the pine samples infiltrated with ZrCh three and five times. As with three 
infiltrations in jelutong, the original structure of pine can still be seen, but after 
five infiltrations, cracks formed in the structure. 



Fig. 4. Photomicrograph (perpendicular to the growth direction) of carbon 
preforms infiltrated three times with ZrC >2 sol (a) pine, 500X; (b) jelutong, 200X. 


Prior to the carbon samples being infiltrated, the preforms had similar 
densities (around 0.3 g/cm 3 ), but after the third infiltration, the amount of mass 
gain of pine leveled off while jelutong continued to accumulate mass. The large 
sets of pores in the jelutong structure provided additional areas for the Zr02 
infiltration even after the smaller pores were filled. Fig. 5 is a plot of the densities 
of jelutong and pine after each infiltration. 



Fig. 5: Density of porous performs of pine and jelutong after various infiltration 
and pyrolysis cycles. 


Porous SiC samples from jelutong and pine were also infiltrated with ZrC >2 
(one, three, and five times). After the silicon infiltration, the large pores were not 
completely filled, so the oxide mostly deposited in the large pores, as well as 
coating the SiC structure. As the number of these infiltrations increased, the 
amount of Zr02 in the large pores increased. Details of these results will be 
discussed in another publication [16]. 

Microhardness 

The average values from the microhardness tests are plotted in Fig. 6. The 
average Knoop hardness values for the Zr02-infiltrated SiC decreased from 
1490.6 Hk to 1403.8 Hk as the number of oxide infiltrations increased, as 
expected due to the softer oxide coating. The lowest hardness value for SiC in the 
jelutong sample tested parallel to the growth direction is believed to be 
attributable to the orientation of the fibers. Wood is an anisotropic material whose 
properties are dependent upon the direction of the loading, leading to a preferred 
orientation of the porous structure. 
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Fig. 6: Microhardness of various phases in pine and jelutong specimens after 
silicon and oxide infiltration. 

The total average Knoop hardness value of all SiC areas was 1509.0 Hk, 
which is significantly lower than the documented value of 2480 Hk, but even this 
value varies depending on the processing technique used [17]. 



Fig. 7: Photomicrograph of Knoop hardness test performed on porous SiC from 
jelutong after five ZrC >2 infiltrations (500x). 

Indentations in pure SiC were hard to perform due to the size of the SiC areas 
relative to the size of the indenter; therefore, accurate hardness values were 
difficult to obtain. Fig. 7 is a photomicrograph of an indentation in the interface 
of SiC and Si and shows the size of the SiC areas compared to the indenter. The 
areas filled with excess Si were larger in size, making indentations in pure Si 
easier to make. The total average Knoop hardness value for Si was 921.3 Hk, 
which is closer in range to the recorded hardness values of 950-1150 Hk [18]. At 
the interface of SiC and Si, the total average Knoop hardness value fell in 
between the values of SiC and Si, as expected, at 1228.3 Hk. 

CONCLUSIONS 

Ecoceramics (biomorphic ceramics derived from natural precursors) provide 
opportunities for expanded designs and applications. Starting with natural wood, 
the desired final shape of the component can be obtained in a wood preform, and 
is retained throughout the process. The microstructure of the original biological 
structure is also maintained throughout the procedure, and allows knowledge of 
the resulting properties of the product. Finally, the starting materials used are 
inexpensive and are a renewable resource. 
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